Vortex core scattering and pinning by impurities in nanomagnets D. Toscano The dynamical behavior of a magnetic nanoparticle contaminated by pointlike impurities is studied by using a spin dynamics numerical simulation. It was observed that the impurities can behave both as pinning (attractive) and as scattering (repulsive) sites. A Gaussian profile was observed for the interaction potential energy ranging up to two lattice parameters. Recently it was discovered that some magnetic nanostructures can present interesting properties that may lead to building efficient new storage devices.
1-4 In a magnetic nanodevice like a nanodisk, the competition between the magnetostatic energy and the exchange interaction is responsible for the formation of a magnetic vortex in the ground state. 5 The static vortex has a planar configuration parallel to the plane of the disk, except at the center of the vortex where the magnetic moments point out in a direction perpendicular to the disk plane, the z direction, which can be up or down (6z respectively). 6, 7 The system is twofold degenerated, since configurations up and down have the same energy. 8 The manipulation of the vortex and a way to control the core magnetization are subjects of paramount importance, since the Z 2 symmetry of the vortex core can be used as a bit in storage devices. It was observed in numerical simulations that switching can be induced by vortex-hole interaction 9 or by the application of a time-dependent external magnetic field which induces a vortex gyrotropic motion. 10, 11 The interaction of the vortex core with lithographically inserted defects has been the subject of intense investigation in the last few years. 12, 13 For example, in Ref. 14 the authors showed that vortices are attracted and pinned by nonmagnetic impurities. It is known that even in pure samples, such as nanodisks made of Permalloy, structural defects are distributed randomly through the material. In Ref. 15 , the authors found a density of defects of up to % 2 Â 10 11 =cm 2 for the pinning sites in Permalloy nanodisks, which affect the vortex dynamics. In Ref. 16 the authors used Lorentz transmission electron microscopy to investigate the pinning behavior of magnetic vortices. In a recent work, Compton et al. 17 used time-resolved Kerr microscopy to study the vortex-core dynamics in individual magnetic disks. They observed fluctuations in the frequency of the gyrotropic mode in nanodisks of Permalloy. They argued that the fluctuations were due to a distribution of nanoscale defects pinning the vortex core. The authors estimated the average interaction energy of the vortex core with a single nanoscale defect to be approximately 2eV. In Ref. 18 the authors discussed two possible types of pointlike defects acting as pinning or scattering sites. The question pointed out was: It is known that nonmagnetic impurities act as pinning sites, but what could act as a scattering site? In this work we use spin dynamics simulations to study a model for both magnetic pinning and scattering sites. In the model we developed the interaction between the magnetic sites in the nanodisk and the defects depends only on the exchange energy. Following Ref. 19 , we consider the magnetic nanodisks modeled by magnetic moments with dipole-dipole and exchange interactions. We can write a model Hamiltonian for the nanodisk with magnetic impurities using a pseudospin language as
Here the sites i and j are sites of the pure sample, i 0 are for sites that contain impurities;S i ,S j , andS i 0 are dimensionless vectors with fixed length representing classical spins located in the sites i, j, and i 0 and satisfying the condition jSj ¼ 1; J (in units of energy) is the exchange coupling constant betweenS i andS j ; J 0 is the exchange coupling constant betweenS i 0 andS j ; r i; j is the distance between sites i and j measured in units of length;r ij ¼r ij =r ij ; and D is the dipole strength. The parameter a is the lattice parameter defined as the distance between the first neighbors sites in the lattice. The sums in the first and second terms are over nearest neighbors. 
of the system is followed by solving numerically the discrete version of the Landau-Lifshitz-Gilbert (LLG) equation 21, 22 given by
where s is the dimensionless simulation time. The Hamiltonian time, t, measured in seconds is obtained by t ¼ s=x 0 (Ref.
. 20 The equations of motion were integrated forward by using a fourth-order predictor-corrector scheme with a damping parameter a ¼ 0:01 and time step ds ¼ 0:01 (dt ¼ 4:7 Â 10 À14 s for Permalloy-79). The spin dynamics simulations were done in a nanodisk with diameter d ¼ 25a and thickness l ¼ a. Initially the vortex was set at the center of the nanodisk in the presence of a magnetic impurity two sites away. The simulations were performed with no cutoff in the dipolar energy term. The estimated value for the ratio ðD=JÞ for Permalloy-79, ðD=JÞ ¼ 0:0708, was used. 20 We observed that if J 0 < J the vortex core moves toward the magnetic impurity site, indicating an effective attractive potential of interaction between the vortex and the magnetic impurity, as shown in ). We have also calculated numerically the interaction energy per site ðE int Þ between the vortex core and the magnetic impurity as a function of the relative distance ðr=aÞ between them. The vortex core was put at the center of a nano-disk with diameter d ¼ 30a as shown in Fig. 3 . A Gaussian profile for the interaction energy, E int ðrÞ ¼ E 0 exp½À0:5ðr=rÞ 2 Þ, was observed for all values of the ratio J 0 =J. Here E 0 ¼ E int ðr ¼ 0Þ is the interaction energy when the center of the vortex coincides with the impurity site. From Fig. 3 we see that if J 0 < J the potential is attractive, if J 0 > J the potential is repulsive. We also observed that the interaction energy exhibits a maximum (if repulsive) or a minimum (if attractive) at r ¼ 0, decaying rapidly to zero for jrj > 2a. The model for describing structural pointlike defects in nanoscaled ferromagnetic materials presented in Ref. 18 deformation. We believe that not all structural defects produced in the samples are pinning defects, structural scattering defects can also be produced and certainly will affect the gyrotropic frequency as pointed out in Ref. 17 . It should be very interesting to have more investigation on this subject so that one could validate (or not) our findings. In summary, we have used spin dynamics simulations to study a model for magnetic pinning and scattering sites. We found that if the coupling between the defect with the magnetic atoms (J 0 ) in the crystal is smaller than the coupling between the magnetic atoms, the interaction potential between the vortex and the impurity is attractive. On the other hand if (J 0 > J) a repulsion is observed. Using the known values of the parameters for Permalloy-79 we have found that our results are in very good agreement with experimental estimate. We observe that a potential technological application can be the use of magnetic impurities lithographically inserted in magnetic nanodisks to control the gyrotropic mode and the core magnetization.
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